Observations were performed to detcrminc the relationship bctwccn the time of maximal pigment dispersion in the fiddler crabs, Uca pugilator and Uca minax, and the tidal events on the beach where the crabs were collcctcd.
A review of the literature concerning tidal and semilunar rhythms of color change has appeared recently (Fingerman 1957a) . Brown et al. (1953) published the first report of these rhythms.
The fiddler crab Uca pugnax collected in the region of Woods Hole, Massachusetts, where the tides are semidiurnal, would darken by day and blanch by night in accordance with a 24-hour rhythm of color change. Superimposed upon the latter was a tidal cycle that progrcsscd across the 24-hour rhythm at the average rate of 48.8 minutes per day. The tidal rhythm was evidenced by a supplementary dispersion of pigment in the melanophorcs about the time of low tide. A semilunar rhythm was also cvidcnt from analysis of the data. The frequency of this rhythm was 14.8 days, the average interval between days on which the 24-hour and tidal rhythms repeated similar time relations to one another. Marc recently, Brown et al. (1955) showed that Uca pugnax has the endogenous ability to mark off 1 This investigation was supported by Grant No. B-838 from the National Institutes of Ilcalth.
periods of solar and lunar day-lengths in the absence of all possible rhythmic external signals.
Persistent tidal and semilunar rhythms of color change were observed in the blue crab, Callinectes sapidus, by D'ingerman (1955) . These rhythms were similar to those described above for Uca pugnax in spite of the fact that the Cullinectes were collected in the vicinity of New Orleans, Louisiana, a region of diurnal tides. Evidently the "center" of tidal rhythmicity of color change in blue crabs operated on the basis of tides spaced 12.4 hours apart, although the crabs were collected in a region where 24.8 hours was the average interval between successive low tides.
In addition to Uca pugnax, tidal rhythms of color change have been observed in Uca pugikator and Uca speciosa by Fingerman (1956) . The latter two species were collcctcd at Ocean 'Springs, Mississippi, where the tides are diurnal.
The tidal rhythms of both species wcrc similar to the tidal rhythms of Callinectes sapidus and Uca pugnax. Both the Uca pugilator and Uca speciosa were collected from delimited portions of the beach. Analysis of the tidal rhythms of both species revealed that the Uca speciosa behaved as if low tide occurred for them 7.5 hours earlier in the day than low tide for the LTca pugilator.
Inspection of the beach at Ocean Springs revealed that the area whcrc the Uca speciosa were collected was closer to the high tide mark than where the Uca pugilator were found. The phase difference between the tidal rhythms was probably due to the fat t that when the water receded after high tide, in effect low tide occurred earlier for crabs living near the high tide mark. Uca speciosa would, thcreforc, be free to leave their burrows and feed earlier than the Uca pugilator living closer to the actual low tide mark. Measurements of the beach rcvcaled that the water actually uncovered the area where the Uca pugilator were found about 4.9 hours after the region of the Uca speciosa was uncovered.
In view of the possibility that the phase difference between the tidal rhythms of color change of Uca pugilator and Uca speciosa was a species difference and not due to the difference in times of uncovering the two burrowing arcas, the tidal rhythm of color change of Uca pugihtor was subj ccted to further analysis (Fingerman 1957b) . A two-day phase difference, equivalcnt to 1.6 hours in a tidal cycle, was found in the laboratory between two groups of crabs collected from two discrete sets of burrows different distances from the high tide mark. Maximum pigment dispersion at any given hour of the day occurred two days earlier in crabs collected nearer the low tide mark.
Measurements of the beach where the crabs were collected rev&cd that the receding water uncovered the area closer to the high tide mark about l..G hours earlier than the region closer to the low tide mark was uncovered, the same as the phase difference in the tidal rhythms of the two groups that was observed in the laboratory. The time of supplemental pigment dispcrsion, therefore, appeared to bc set each day according to the time the regions where the burrows were located began to be uncovered by the receding water following a high tide and not according to the time of actual low tide on the beach.
The prcscnt investigation was undertaken to analyze further the tidal rhythm of color change in fiddler crabs. First of all, the endogenous color changes of fiddler crabs living beyond the high tide mark were determined from day to day and analyzed. Then the concept that the times of supplemental pigment dispersion arc set according to the time the burrowing region begins to be uncovcrcd by the receding water following a high tide was subjected to further inquiry, When the phase difference in the tidal cycle of 7.5 hours was observed, crabs from burrows near the high tide mark and from burrows approximately midway bctwcen the high and low tide marks were used (Fingcrman 19.56). However, when the I.&hour phase difference was noticed, crabs from the latter set of burrows and from burrows closer to the low tide mark were obscrvcd (Pingerman 1957b) . In the present, investigation fiddlcr crabs from the burrows near the high tide mark and from those closest, to the low tide mark were collected and obscrvcd to determine if the phnsc difference in their tidal rhythms would approximate the sum of the previously dctcrmincd phase differcnces of 7.5 and 1.6 hours, namely 9.1 hours.
MhTEltTALS AND METHODS
Fiddler crabs, Uca pugilator and Uca minax, were collected on the beach near the Gulf Coast Research Laboratory, Ocean Springs, Mississippi, for use in the observations reported below. The authors wish to express their gratitude to Dr. Venncr A. Chace, *Jr., of the U. S. National Museum who identified the Uca m.inax.
Crabs were collected for the first series of observations on June 11 and 12, 1957, and transported in stainless steel aquaria to an air-conditioned laboratory in New Orleans, Louisiana, where observations were initiated at 8 A.M. on June 13. All hours mentioned are Central Standard Time. From the evening of June 12 until the end of the period of observation the crabs were maintained in darkness except for the few minutes required to observe the melanophorcs on days observations were being performed and to change the water in the aquaria on days observations were not performed. The crabs were kept in inclined, covered, stainless steel aquaria containing sufficient sea water to cover approximately one-half the bottom.
The crabs were, therefore, fret to move in and out of the water. For the second series of observations crabs were collected on June 22 and returned to NW Orleans the same day. Observations on these crabs began at 8 A.M. on June 23.
Mclanophores wcrc staged in the manner dcscribcd by Fingcrman (1956) . The average index was determined for the mclanophores on the anterior aspect of a walking leg with the aid of a stereoscopic dissecting microscope and lamp. The chromatophorc indices of IIogben and Slomc (1931) wcrc used in staging the chromatophores.
The most concentrated state of the pigment is referred to as stage 1, the most dispcrscd stage 5, and the intcrmcdiate conditions stages 2, 3, and 4. Fifty crabs could be staged in three minutes.
The senior author would call out the indices and a second individual would record the data. The methods of data analysis were those that have been fruitful previously (Brown et cd. 1953; Fingcrman 1955 Fingcrman , 1956 Fingcrman ,1957b .
RFXULTS
Description oj the beach,
The dot on the map represents the area where the crabs were collected (Fig. 1) . The substrate of most of the intertidal zone was grayish-black mud. Marsh grass covered the upper two-thirds of the zone except for a small sandy area near the high tide mark. This region, approximately 25 feet long parallel to the shore and 15 feet wide, was composed of coarse brown sand. One group of crabs was obtained from this area. The second was obtained from the set of burrows in the mud near the low tide mark. The latter set of burrows was found in a scction of beach about 10 feet long parallel to the shore and 7 feet wide.
The beach has a very gradual slope ( only 0.985 meter. As evident from inspection of Figure 2 the beach at Ocean Springs is typical of most beaches : elevation decreases rapidly near the high and low tide marks. This beach has a slight elevation in the middle of the intertidal zone.
From 11 A.M. of June 11, 1957, through noon of June 12 the distance from the top of a stake firmly fixed in the water below the low tide mark to the surface of the water was measured at 15-minute intervals to determine the times of high and low tides as a verification of the diurnal nature of the were completed the data were converted to height of water above the low tide level and plotted versus time of day (Fig. 3) .
The times when the areas where the burrows were located began to uncover and when the crabs from each area first appeared on the surface were also noted. On June 12 the moon was full and at its maximal southern declination. Therefore, tropic tides prevailed.
As is typical of tides, the height of the water changed slowly near times of high and low tides and rapidly in between (Fig. 3) . Low tide occurred at 7:45 P.M. on June 11, high tide at 8:45 A.M. on June 12. Twenty-four hours and 49.3 minutes or 24.8 hours, the typical diurnal tidal frequency, were required for the water to return to the height it was when measurements were started. The water rose 69.9 centimeters.
To determine the rate the water receded from the high tide to the low tide mark and then advanced, the distance from the stake below the low tide mark to the water's edge was measured whenever the height of the water was determined.
The data are presented in Figure 4 where the distance from the water's edge to the low tide mark is plotted versus time of day. As would bc anticipated from the contour of the beach and rate of rise and fall of the tide (Figs. 2  and 3 ), the water advanced and receded slowly near the high and low tide marks whereas rapid movements occurred near the middle of the intertidal zone.
Semilunar rhythm of color change in fiddler crabs obtained from burrows above the high tide mark Uca pugilator were found living in burrows above the high tide mark. These burrows would be covered only in the event a severe storm caused exceptionally high tides. On June 11 and 12 about 300 of these crabs were collected and returned to New Orleans. Beginning on June 13 the average chromatophore stage of 50 crabs selected at random from the aquarium was dctcrmincd hourly from 8 A.M. through 7 P.M. every second day through July 5. On June 22 a second batch of several hundred of these crabs was collected and returned to New Orleans. The latter group was observed in like manner every second day from June 23 through July 5. Since the two batches were rhythmically similar, the data for both groups were averaged so that each observation from June 23 onward represents the average of 100 crabs.
The data obtained from June 13 through July 5 are presented in IFigure 5 to illustrate the nature of the results obtained. A 24-hour rhythm of color change was exhibited by the crabs; every 24 hours the crabs would darken by day and then blanch at night. This rhythm and the rhythms dcscribcd below were persistent and endogcnous. Since the crabs were kept in darkness and not exposed to environmental influences of alternating light and dark periods and high and low tides, the rhythms correlated with but were not controlled by the environmental events.
The daily patterns, however, did not show the typical tidal rhythm found in fiddler crabs living in the intertidal zone (Brown et al. 1953 (Brown et al. , I'ingerman 1956 ). The time of maximal pigment dispersion did not progress across the day and then return to 8 A.M. Rather, the maximum of each curve was restricted to the hours between 8 A.M. and noon with no evidence of progression, decidedly different from the results obtained by Fingerman (1956) for the same species collected at Ocean Springs but living in the intertidal zone.
However, as is evident from closer inspcction of Figure 5 , the daily curves were not the same each day. The melanin on some days would gradually become more concentratcd throughout the day (e.g., I and L in Fig. 5 ) and on other days would remain fairly well dispersed (e.g., D and J in Fig. 5 ).
To detcrtnine if tidal and semilunar rhythms of color change were present but were being suppressed by the 24-hour rhythm, the data were subjcctcd to the following type of analysis. The 12 times of observation during the day were grouped into 4 periods of three hours each, 8-10 A.M., 11 A.M.-l P.M., 2-4 P.M., and 5-7 P.M. The percentage of the total daily excursion of the pigment that each three-hour period occupied was then calculated.
To obtain a base for calculating the percentages, the 12 hourly averages were summed and 12 subtracted from the total, because if there had been no daily excursion of pigment the sum would have been 12. Similarly, the average chromatophorc indices for each three-hour ______ ----~ .-.-.. .--_--of the month. These crabs wcrc collected from burrows above the high tide mark.
Note the tidal maxima passing over the daily periods at the tidal rate of approximately 48.8 minut,cs per day. A l4.8-day cycle, the interval bctwccn the parallel diagonal lines, was apparent.
period were summed and three subtracted from the total. The percentage of the total that each three-hour period occupied was then calculated.
The data arc prcsentcd in Figure 6 . The maxima and minima progressed at a rate closely approximating the rate at which a tidal rhythm would be expected to progress. The parallel diagonal lines were drawn through the maxima of the curves of the calculated perccntagcs for each three-hour period at a distance of 14.8 days apart, the expected average interval between days on which a low and a high tide will occur at the same time of day whcrc the tides are diurnal.
Therefore, cndogenous, persistent tidal and semilunar rhythms of color change were present in these fiddler crabs that wcrc out of contact with their original habitat during the period of observation. The overt expression of the tidal cycle, however, was supprcsscd by the 24-hour rhythm of color change. Comparison of the times of high and low tide at Ocean Springs with the times of the maxima in Figure 6 indicated that the maxima tended to coincide with the times of high tide. This coincidcncc with the times of high tide did not occur each day because of the irregularity of diurnal tides when the moon is in the plane of the equator.
Phase dij'erence in the tidal and semilunar rhythms oj color change This series of observations was undcrtaken to analyze further the phase difference between the tidal rhythms of color change of fiddler crabs collected from two different portions of the beach to determine if the prcdictcd 9.1-hour phase difference mentioned above would occur.
The times that the burrowing areas of both sets OF crabs were uncovered by the rcccding tide were determined.
The first appearance of fresh holes made by crabs in the burrows was also observed, since the openings into the burrows arc normally scaled when the tide is high. The region of the low tide burrows began to uncover at 5 P.M. on June 11; holes from the burrows to the surface first appeared at 9 P.M. The portion of the beach whcrc the high tide burrows were located began to uncover at lo: 30 A.M. on June 12, 1.75 hours after high tide; openings into the burrows first appeared 75 minutes later. The disparity in times required for the first appearance of crabs from the two areas, 4 hours versus 1.25 hours, was probably due to the nature of the substratum.
The burrows of the group near the high tide mark were in coarse sand that drained more rapidly than the mud in which the crabs close to the low tide mark lived. Therefore, the former crabs would bc able to come to the surface sooner.
The phase difference in the tidal rhythms of the groups expected in the laboratory, based upon the difference in times of uncovering the portion of the beach where the crabs lived, was 7.3 hours. This difference was calculated as follows. IIigh tide at Ocean Springs occurred 48.8 minutes earlier on June 11 than on June 12, i.e. at 7 : 56 A.M., and the burrows near the high tide mark must have begun to uncover at 9 :41 A.M.
From 9:41 A.M. to 5 P.M. is 7 hours and 19 minutes or 7.3 hours.
The phase difference based upon the differences in the times of first appearance of holes leading from the burrows was 10.1 hours. This figure was calculated as follows. IIoles of the low tide group first appeared 4 hours after the burrowing area began to clear; openings into the burrows first appeared in the area of the high tide group 75 minutes after the water began to uncover their area. The diff erencc between 4 hours and 1.25 hours is 2.75 hours. This value added to 7.3 hours yields a total difference, rounded ol'f to the nearest tenth, of 10.1 hours.
On June 11 and 12 several hundred crabs from the high tide burrows and 32 crabs from the low tide burrows were collected and returned to the laboratory.
Ii'ifty of the former and all of the latter crabs were observed hourly every second day from 8 A.M. through 7 P.M. beginning June 13 until July 7. Twenty of the low tide group survived the entire period of observation. On June 22 a second group of crabs from each arca was collected. In the second collection several hundred crabs had been obtained from the high tide burrows but only 37 low tide crabs were obtained.
The 
Relationship
between the percentage of daily melanin dispersion of Uea pugilntor occurring at each of four periods during the day and number of the latter gradually dwindled to 26 by the last day of observation. The crabs from the second collection were treated in the same manner as those of the first collection.
Both groups were rhythmically similar to the corresponding groups of the first collection.
The data of the corresponding groups from June 23 on were averaged. Part of the data is presented in Figure 7 . All of the data were used to produce Figure  8 , which was prepared in the same manner as Figure 6 .
Inspection of Figures 7 and 8 reveals that both groups of crabs displayed a tidal rhythm of color change similar to that described previously for the same species collected in the same area (Fingerman 1956 (Fingerman , 1957b . In both the high and low tide groups the maximum of pigment dispersion shifted across the day, as would be expected in an overt tidal rhythm.
In the high tide group maximum pigment dispersion occurred at 8 A.M. on June 21 and again July 5 whereas in the low tide group this happened June 23 and July 7, i.e., 14 days were required for the peak to move across the curve and return to the beginning, closely approximating the average tidal frequency of 14.8 days. This situation was entirely different from that depicted in Figure 5 where maxima occurred between 8 A.M. and noon only, whereas in Figure 7 maxima are shown both in the morning and the afternoon.
Not only did the peaks in Figure 7 move but the general character of the curves changed as the maximum moved into the afternoon; the average chromatophore indices determined in the afternoon showed a general increase relative to the morning ones. The maxima and minima shown in Figure 8 also moved across the day until they occurred in the 5-7 P.M. portion of the day. Then they would again occur at 8-10 A.M. and once again start to move across the day.
Inspection of Figures 7 and 8 likewise the day of the month. Circles represent crabs collected near the high tide mark; dots, near the low tide mark.
The phase differences between the groups wcrc converted to hours on the basis of the fact that a tidal cycle progresses across the 24-hour day at the average rate of 48.8 minutes per day.
See text for complete explanation.
reveals that the tidal rhythms of the two groups were out of phase with one another. On any given day with the possible exception of June 17, e.g., June 13 and 15, the maximum of the high tide group was displaced approximately three hours to the right of the maximum of the low tide crabs. This relationship remained fixed during the entire period of observation in the Iaboratory.
I'urther evidence of a phase difference was the fact that the shift of the maximum back to the early morning hours did not occur on the same day for both groups of crabs but rather two days apart on two occasions, June 21 and 23, and then again July 5 and 7. The rhythms of these crabs could not have been in phase with one another and still shift two days apart on two separate occasions 14 days apart.
In the environment as the water receded from the high tide mark to the low tide mark the region of the burrows of the high tide group had to be uncovered prior to the area of the low tide group. The times of supplemental pigment dispersion due to the tidal rhythm are set in accordance with the times of high and low tides (Brown et al. 1953) . Therefore, the tidal maximum of the high tide group could not have occurred about three hours later each day than that of the low tide group but rather about 9.5 hours earlier, since in a tidal cycle displacement of a curve about three hours to the right is equivalent to displacement about 9.5 hours to the left.
As a result of the phase difference between the two groups of crabs the shift of the tidal maximum back to the left end of the curve apparently occurred about two days earlier for the high tide group than for the low tide group (E and F' in Fig. 7 ). Since data were obtained every other day only, closer approximation of the date of the shift was not readily possible. However, according to the same reasoning employed in the paragraph above, the shift of the high tide group relative to the low tide group could not have occurred two days earlier but actually would occur about 12.5 days later (Fig. 7II) .
In portions I', G, and G' of Figure 7 gradual shifting of the tidal maximum across the day was shown again. Before observations were completed the maximum in the curve of each group again shifted to the left end of the curve.
Since examination of the beach revealed (1) that on any given day the area of the high tide group began to uncover 7.3 hours earlier each day than the area of the low tide group, and (2) that the latter crabs appeared on the surface 10.1 hours later than the former crabs, the area of the high tide crabs would begin to uncover at any given hour of the day (e.g. 10 A.M.) about 9.0 days later than the area of the low tide group. This is the number of days required for the tidal cycles to progress about 7.3 hours. Similarly, crabs of the high tide group would appear on the surface at any given hour of the day, on the average, about 12.4 days later than the crabs living in the low tide area.
Inspection of the dates on which maxima and minima occurred in each period of the day (Fig. 8) for crabs collected from the two areas revealed a general displacement of the high tide curves about 11.9 days to the right of the curves of crabs from the low tide area. The differences between the times of maximal and minimal tidal effects for the two groups of animals, respectively, have been converted into hours on the basis of tidal cycles progressing over the 24-hour cycle at an average rate of 48.8 minutes per day. The average phase difference was 9.8 hours. Therefore, the phases of the tidal rhythms of crabs living closer to the high tide mark are set 9.8 hours earlier than the phases of the rhythm of low tide crabs. This value lies between the values observed in the field-7.3 hours for the time required for the receding water to go from the high tide area to the low tide area, and 10.1 hours as the interval between the first appearance of crabs in the two areas.
The final series of observations was performed from June 13 through 25 on a group of Uca minax collected in the high tide area. The data for the two days of observations that indicate the phase relations are shown in I'igurc 9. Thirty-two crabs were alive on June 19, and 27 on June 21. On June 19 the maximum occurred at 7 P.M., then the curve changed shape as the tidal effect shifted to the early hours of the day. A shift of maximal effect from one end of the day occurred on the same date for the high tide specimens of Uca pugilator (Fig. 7) . Specimens of the two species taken from the same portion of the beach were in phase with one another . The characters of the curves were diffcrcnt however. The melanin of Uca minax remained nearly maximally dispersed throughout the period of observation in contrast to the melanin of Uca pugiZator which exhibited from 8 A.M. through 7 P.M. a wide range of variation in degree of dispersion.
DISCUSSION
The character of the daily patterns of color change of fiddler crabs collected from burrows above the high tide mark (Fig. 5) was different from that reported by previous investigators of tidal rhythms of color change in crabs from the intertidal zone (Brown et al. 1953; Fingcrman 1956 Fingcrman , 1957b . The tidal maximum of pigment dispersion of the crabs that lived above the high tide mark did not gradually shift across the day. As a result, no overt tidal rhythm of color change was evident.
IIowever, analysis of the data by percentages (Fig. 6 ) revealed typical tidal and semilunar rhythms of color change. Overt expression of the tidal cycle was apparently suppressed by the 24-hour rhythm, since the crabs living in the burrows not normally covered at high tide could leave their burrows at any time during the day rather than be forced to wait until the burrowing area was uncovered by the rcccding water as fiddler crabs living in the intertidal zone must do. The tidal rhythm is apparently as deep-seated as the 24-hour rhythm.
The latter, however, is endowed with the ability to suppress the overt cxpression of the former.
In contrast to the character of the rhythm of the fiddler crabs living above the high tide mark, the tidal cycles of both groups of fiddler crabs living in the intertidal zone (Fig. 7) were the same as those described previously by the authors cited above. The gradual progression across the day of the maximum that occurred on the average 48.8 minutes later each day resulted in the appearance of a semilunar rhythm, because the tidal and 24-hour rhythms only repeated similar time relations to one another on the average once every 14.8 days.
As mentioned above, the sum of the phase differences observed during the summers of 1955 and 1956 was 9.1 hours. The phase difference observed herein (Fig. 8 ) was 9.8 hours. These results indicate that phase differences arc additive and give further support to the concept that the times of supplemental pigment dispersion due to the tidal rhythm are set according to the tidal events occurring within a localized area of the beach (Engerman 1956, 195713) . Since the rhythms are pcrsistcnt and endogcnous at least in part, the phase difference between the high and low tide groups remained when the crabs were removed from their habitat for observation in the laboratory.
